The production of pigments by halophilic archaea has been analysed during the last half a century. The main reasons that sustains this research are: (i) many haloarchaeal species possess high carotenoids production availability; (ii) downstream processes related to carotenoid isolation from haloarchaea is relatively quick, easy and cheap; (iii) carotenoids production by haloarchaea can be improved by genetic modification or even by modifying several cultivation aspects such as nutrition, growth pH, temperature, etc.; (iv) carotenoids are needed to support plant and animal life and human well-being; and (v) carotenoids are compounds highly demanded by pharmaceutical, cosmetic and food markets. Several studies about carotenoid production by haloarchaea have been reported so far, most of them focused on pigments isolation or carotenoids production under different culture conditions. However, the understanding of carotenoid metabolism, regulation, and roles of carotenoid derivatives in this group of extreme microorganisms remains mostly unrevealed. The uses of those haloarchaeal pigments have also been poorly explored. This work summarises what has been described so far about carotenoids production by haloarchaea and their potential uses in biotechnology and biomedicine. In particular, new scientific evidence of improved carotenoid production by one of the better known haloarchaeon (Haloferax mediterranei) is also discussed.
Introduction
Carotenoids are pigments that have received considerable attention due to their biotechnological applications and, more importantly, their potential beneficial effects on human health [1] [2] [3] . These compounds are the second most abundant naturally occurring pigments in nature [4] , and they are mainly C40 lipophilic isoprenoids ranging from colourless to yellow, orange, and red [5] . The production of such as kind of pigment has been described from plants and some microorganisms such as algae, cyanobacteria, yeast [6] and fungi [7, 8] .
Plants, algae, yeast, cyanobacteria and fungi have been considered good sources to isolate and even to produce carotenoids at high scale so far [9] [10] [11] [12] . In fact, general characterisations of carotenoids isolated from those organisms are abundant in the literature, in which techniques such as spectrophotometry, thin layer chromatography (TLC), high performance liquid chromatography-mass spectrometry (HPLC-MS) and nuclear magnetic resonance spectroscopy (NMR) are used to define the carotenoids profile from specific species as well as the carotenoids chemical structure [13] [14] [15] [16] [17] [18] . However, not too much attention has been paid to halophilic microorganisms, and in particular, to haloarchaea as microorganisms with high capability of carotenoids production.
Halophiles comprise a heterogeneous group of microorganisms that require salts for optimal growth. Even high salt concentration up to 4 M is required for some extremophilic species such those belonging the Haloferacaceae family, Archaea domain. The pigments produced by these halophilic organisms include phytoene, β-carotene, lycopene, derivatives of bacterioruberin, and salinixanthin [19] . Dunaliella salina is one of the better known halophilic microorganisms in terms of carotenoids production [20] [21] [22] [23] . However, apart from that halophilic microalgae, only few studies have been carried out about production of carotenoids by halophiles and in most of the cases, the studies are focused on carotenoids isolation and characterisation by traditional biochemical procedures as those mentioned before [24] [25] [26] .
Within the halophiles there is a family of particular interest in several fields of applications: micro-ecology, biotechnology and extreme metabolic adaptations. This is the case of the Haloferacaceae family (previously mentioned) grouping extreme halophilic archaea inhabiting salty environments such as marshes or salty ponds from where NaCl is obtained for human consumption [27] [28] [29] [30] . The first study about carotenoid production by halophilic microorganisms from the Haloferacaceae family (previously called Halobacteriaceae family) were published in the latter half of the 1960s [31, 32] . During the last two decades of the last century, several research works demonstrated that some haloarchaeal species not only produce carotenoids but also produce them at high concentration. This fact makes possible to propose haloarchaea as a good natural source for carotenoids production at large scale by means of suitable bioprocess engineering tools, namely specifically designed bioreactors.
This review summarised what it has been described up to now about carotenoids production by haloarchaea and its potential uses in Biotechnology and Biomedicine. The effect of different parameters on carotenogenesis in haloarchaea such as temperature, salt concentration, pH and carbon/nitrogen ration is also discussed.
Carotenoids: Structure and Functionality
Carotenoids are hydrophobic compounds which essentially consist of a C40 hydrocarbon backbone in the case of carotenes (i.e., they contain 40 carbon atoms in eight isoprene residues), often modified by various oxygen-containing functional groups to produce cyclic or acylicxanthophylls. So, all carotenoids possess a long conjugated chain of double bond and a near bilateral symmetry around the central double bond, as common chemical features [33] .This chain may be terminated by cyclic groups (rings) and can be complemented with oxygen-containing functional groups [34] .
Carotenoids can be classified into different groups on the basis of the criteria used. Based on the basic chemical structure and the oxygen presence, carotenoids are classified into two types: carotenes or carotenoid hydrocarbons, composed of carbon and hydrogen only; and xanthopylls or oxygenated carotenoids, which are oxygenated and may contain epoxy, carbonyl, hydroxyl, methoxy or carboxylic acid functional groups [35] . Lycopene and β-carotene are examples of carotene carotenoids and lutein, canthaxanthin, zeaxanthin, violaxanthin, capsorubin and astaxanthin are xanthopyll carotenoids [36] .
The degree of conjugation and the isomerization state of the backbone polyene chromophore determine the absorption properties of each carotenoid. Due to the numerous conjugated double bonds and cyclic end groups, carotenoids present a variety of stereoisomers with different chemical and physical properties. The most important forms commonly found among carotenoids are geometric (E-/Z-). A double bond links the two residual parts of the molecule either in an E-configuration with both parts on opposite sides of the plane, or a Z-configuration with both parts on the same side of the plane. Geometrical isomers of this type are inter-convertible in solution. This stereoisomerism exerts a marked influence on the physical properties. The conjugation system described imparts carotenoids with excellent light absorbing properties in the blue-green (450-550 nm) range of the visible spectrum. Because of this reason, biochemical techniques such as UV-Vis spectrophotometry or Raman spectroscopy can be used to analyse carotenoids production by plants and microorganisms [37] .
When the criterion used to classify carotenoids is related to vitamin A, then the carotenoids can be categorized as follows: (a) vitamin A precursors that do not pigment such as β-carotene; (b) pigments with partial vitamin A activity such as cryptoxanthin, β-apo-8′-carotenoic acid ethyl ester; (c) non-vitamin A precursors that do not pigment or pigment poorly such as violaxanthin and neoxanthin; and (d) non-vitamin A precursors that pigment such as lutein, zeaxanthin and canthaxanthin [38] .
Some of the most important carotenoids in terms of biotechnological and biomedical uses explored so far are: Astaxanthin (3,3′-dihydroxy-β,β′-carotene-4,4′-dione) [36, 39, 40] , β-Carotene (β,β-carotene) [38, [41] [42] [43] [44] , Canthaxanthin (β,β-carotene-4,4′-dione) [45] [46] [47] [48] , β-Cryptoxanthin (hydroxy-β-carotene) [38, [49] [50] [51] [52] [53] [54] , Fucoxanthin [38, 55] , Lycopene (ψ,ψ-carotene) [33, 56, 57] , Lutein (β,ε-carotene-3,3′-diol) [42, [58] [59] [60] [61] , Zeaxanthin (β,β-carotene-3,3′-diol) [38, 62, 63] , and Violaxanthin (5,6:5′,6′-diepoxy-5,5′,6,6′-tetrahydro-β-carotene-3,3′-diol) [64] [65] [66] [67] [68] .
Carotenoids in the Context of Life
Carotenoids have received much attention because of their various and important biological roles in all living systems [4, [69] [70] [71] . Although some of those biological roles have been already mentioned in the previous section, this Section includes details about carotenoids biological roles.
In most of the organisms, the most relevant biological functions of carotenoids are linked to their antioxidant properties, which directly emerge from their molecular structure. Xanthophyll carotenoids in particular are free radical scanvengers, potent quenchers of reactive oxygen species (ROS) and nitrogen oxidative species (NOS), and chain-breaking antioxidants. Asthaxanthin and canthaxantin, for example, are better antioxidants and scanvengers of free radicals than β-carotene. In recent years, the understanding of ROS-induced oxidative stress mechanisms and the search for suitable strategies to fight oxidative stress has become one the major goals of medical research efforts [3] . On the other hand, carotenoid pigments are one of these natural products responsible for colours: yellow, orange, red, and purple colours in a wide variety of plants, animals, and microorganisms are due to those compounds [72] .
In animals and humans, these compounds are precursors of vitamin A (provitamin A activity) and retinoid compounds required for morphogenesis and embryonic development [35, 73] . Vitamin A is well recognized as a factor of great importance for child health and survival, its deficiency causes disturbances in vision and various related lung, trachea and oral cavity pathologies. Animals and humans cannot synthesize carotenoids de novo, although are able to convert them into vitamin A. Diet is the only source for these precursors for retinol synthesis, fruits, vegetables and microalgae being the major suppliers of provitamin A active carotenoids [3, 35] . Other biological roles and functions of carotenoids in these organisms include: absorbers of light energy, oxygen transporters, scavengers of active oxygen [2, 74] , antitumor and enhancers of in vitro antibody production [75, 76] . In birds and fish, carotenoids are an important signal of good nutritional condition and are used in ornamental displays as a sign of fitness and to increase sexual attractiveness [71, 77] .
In algae and higher plants, carotenoids serve as regulators of plant growth and development, as accessory pigments in photosynthesis and as a photoprotectors. Thus, they contribute to light harvesting, maintaining the structure and function of photosynthetic complexes, quenching chlorophyll triplet states, scavenging ROS, and dissipating excess energy [34] . On the other hand, carotenoids are also precursors for the hormones abscisic acid (ABA) and strigolactones, and as attractants for other organisms, such as pollinating insects and seed-distributing herbivore [35] . In plants, those pigments are involved in various biological processes, such as photosynthesis, hormones synthesis, photomorphogenesis, photoprotection and development [4] . Apart from these important roles, due to their striking and rich colour, carotenoids are important floral pigments serving to attract pollinators and seed dispersers.
Finally, microorganisms are a great source of diverse carotenoids. As mentioned before for other organisms, in microorganisms, carotenoids are in charge of light protection, cell colour and antioxidative stress mechanisms. It is important to highlight that some carotenoids, such as salinixanthin or thermozeaxanthin, are only produced by some extremophilic microorganisms [78, 79] . During the last 30 years, researchers, as well as research and development companies, have paid attention to microorganisms due to the high capability of carotenoid production that some species exhibit. This fact, coupled with new insights on molecular biology techniques and downstream process make those microorganisms good sources for carotenoids production at large scale.
Carotenoids Metabolism
Carotenoids are derived from the general isoprenoid biosynthetic pathway, along with a variety of other important natural substances such as steroids and gibberellic acid. The starting product required to synthetize all the isoprene derivatives is mevalonic acid which is transformed into a phosphorylated isoprene upon phosphorylation; this isoprene subsequently polymerises. In the course of polymerization, the number and position of the double bonds are fixed.
The synthesis and degradation of carotenes and xanthophylls, the regulation of carotenogenesis, as well as the role of these compounds, have been very well described in plants [4, 80] and mammals [81] . Multi-gene engineering approaches have also contributed to better understanding of carotenoid metabolism [82] .
The conversion of two molecules of geranylgeranyl pyrophosphate (GGPP) to phytoene, a compound common to all C40 carotenogenic organisms, constitutes the first reaction unique to the carotenoid branch of isoprenoid metabolism. From this step, slightly different reactions can be found in different organisms. Anoxygenic photosynthetic bacteria, non photosynthetic bacteria, and fungi desaturate phytoene either three or four times to yield neurosporene or lycopene, respectively. In contrast, oxygenic photosynthetic organisms (cyanobacteria, algae, and higher plants) convert phytoene to lycopene via carotene in two distinct sets of reactions. At the level of neurosporene or lycopene, the carotenoid biosynthesis pathways of different organism's branch to generate the huge diversity of carotenoids found in nature.
In photosynthetic organisms and tissues, the lipophilic carotenoid and bacteriochlorophyll (Bchl) or chlorophyll (Chl) pigment molecules associate non-covalently but specifically with integral membrane proteins. In non photosynthetic organisms and tissues, carotenoids, often protein bound, occur in cytoplasmic or cell wall membranes, oil droplets, crystals, and fibrils.
As mentioned before, animals are not able to synthesise carotenoids de novo. They are acquired throughout the diet. In human beings, it has been well demonstrated that most of the ingested carotenoids are absorbed into the gastrointestinal mucosal cells and appear unchanged in the circulation and tissues. In the intestine, the carotenoids are absorbed by passive diffusion after being incorporated into the micelles that are formed by dietary fat and bile acids. The micellar carotenoids are then incorporated into the chylomicrons and released into the lymphatic system [33] . Carotenoids are transported in the plasma exclusively by lipoproteins. Oxygen-functionalized carotenoids are more polar than carotenes. Thus, α-carotene, β-carotene and lycopene tend to predominate in low-density lipoproteins (LDL) in the circulation, whereas high-density lipoproteins (HDL) are major carriers of xanthophylls, such as cryptoxanthins, lutein and zeaxanthin. The delivery of carotenoids to extrahepatic tissues is accomplished through the interaction of lipoprotein particles with receptors and the degradation by lipoprotein lipase [83, 84] .
Although no less than forty carotenoids are usually ingested in the diet, only six carotenoids and their metabolites have been found in human tissues, suggesting selectivity in the intestinal absorption of carotenoids. In contrast, thirty-four carotenoids and eight metabolites are detected in breast milk and serum of lactating mothers. Recently, facilitated diffusion in addition to simple diffusion has been reported to mediate the intestinal absorption of carotenoids in mammals. The selective absorption of carotenoids may be due to uptake to the intestinal epithelia by means of facilitated diffusion and an unknown mechanism of excretion into the intestinal lumen. It is well known that β-carotene can be metabolised to vitamin A after intestinal absorption of carotenoids, but little is known about the metabolic transformation of non-provitamin A xanthophylls. The enzymatic oxidation of the secondary hydroxyl group leading to keto-carotenoids would occur as a common pathway of xanthophyll metabolism in mammals [38] .
Production of Carotenoids by Haloarchaea

Type, Content and Biosynthesis of Haloarchaeal Carotenoids
Halophilic archaea are extreme halophilic microorganisms mainly grouped into the Haloferacaceae family, phylum Euryarchaeota, Archaea domain. They are (mostly) aerobic and generally red-pigmented. They constitute the predominant microbial communities in extreme halophilic environments as it was mentioned before. To be alive under those conditions they have adopted several strategies: (i) amino acidic residues predominate in halophilic proteins surface; (ii) cells accumulate high KCl intracellular concentrations to deal with high ionic strength or some osmolytes such as 2-sulfotrehalose [85] ; (ii) cellular bilayers have different composition and structure, etc. Due to these adaptations, haloarchaea have become a good and innovative source of different molecules of high interest in biotechnology such as enzymes able to be active at high temperature and high ionic strength [86, 87] , PHB and PHA, carotenoids, etc.
Related to carotenoids, there is little information in the literature about the carotenoid profile of extremophile microorganisms compared with the information available from other organisms, and only few of them are focused on carotenoid production by archaea in general, and by haloarchaea in particular [58] . Figure 1 summarises the number of publications focused on carotenoids. It is important to highlight that despite the huge number of publications on that subject, only 1.3% of them are related to haloarchaeal carotenoids (780 papers about haloarchaeal carotenoids vs. 61590 papers about carotenoids in general). What is clearly supported by the literature is that most members of the family Haloferacaceae can synthesize C50 carotenoids, including bacterioruberin (as the most abundant C50 in most of the analysed haloarchaeal species) and its precursors (2-isopentenyl-3,4-dehydrorhodopin (IDR), bisanhydrobacterioruberin (BABR), and monoanhydrobacterioruberin(MABR)) [32, 88] . Several other derivatives have been found in minor amounts, such as 3,4-dehidromonoanhydrobacterioruberin, haloxanthin (which is a derivative of the previous one containing a peroxide end group) and 3,4-epoxymonoanhydrobacterioruberin, identified in Haloferax volcanii [26, 89] . Other carotenoids such as phytoene, lycopene, and β-carotene are also produced by these species but at lower concentration [7] . Those carotenoids are located in the cell membrane and they are in charge of the colour shown by the red colonies when haloarchaea cells grow on solid media or the red colour shown by salted coastal ponds (mainly in summer). In fact, the content of bacterioruberin pigments in the biomass has been used to monitor the density of halophilic archaeal communities in halophilic environments [90] .
Other carotenoids have been identified at very low concentrations in halophilic archaea: lycopersene, cis-and trans-phytoene, cis-and trans-phytofluene, neo-β-carotene and neo-α-carotene. The low concentrations of these compounds suggest that they may be used as precursors for the synthesis of other carotenoids including lycopene, retinal and the members of the bacterioruberin group. Some species may also produce the ketocarotenoid canthaxanthin in addition to other carotenoids [58] . Although this is the general carotenoid profile exhibited for most of the haloarchaeal species, it is important to note that some of them can produce high amounts of canthanxanthin, β-carotene and trans-astaxantin [91] . The presence of characteristic carotenoids (α-bacterioruberin and derivatives) in haloarchaea cells is easy to identify by Raman spectroscopy [30, 92, 93] . Thanks to this technique, α-bacterioruberin has been identified as the mayor carotenoid in the following haloarchaea: Halobacterium salinarum strains NRC-1 and R1, Halorubrum sodomense, Haloarcula vallismortis [78] and Haloarcula japonica (68.1% of the total carotenoids (mol %) [5] . The last species is also able to produce monoanhydrobacterioruberin (22.5%), bisanhydrobactrioruberin (9.3%), and isopentenyldehidrorhodopin (<0.1%) [5] . The main carotenoids produced by Halorubrum sp. TBZ126 were bacterioruberin, lycopene and β-carotene [58, 79] , while the major carotenoid produced by Halococcus morrhuae and Halobacterium salinarum was all-trans-bacterioruberin, accounting for 69% of the carotenoids, respectively [79] .
Ronnekleivand colleagues [26] reported that Haloferax volcanii contained the (2S,2′S)-bacterioruberin (82% of total carotenoid), monoanydrobacterioruberin (7%), (2S,2ʹS)-bisanhydrobacterioruberin (3%), 3,4-dihydromonoanhydrobacterioruberin (2%) and two undecaene C50H74O4 carotenoids (each 2%), the C45-carotenoid (2S)-2-isopentenyl-3,4-dehydrorhodopin (1%) and lycopene (0.3%). The lipid composition of the extremely halophilic archaeon Haloquadratum walsbyi was investigated by thin layer chromatography and electrospray ionization-mass spectrometry. The results confirmed the presence of the carotenoids carotene and bacterioruberin, the C30-isoprenoid compound squalene and the menaquinone with eight isoprenoid units vitamin MK-8 [94] .
The total carotenoid content in Haloarcula japonica was 335 μg·g , respectively [79] . Although general knowledge about carotenoids biosynthesis and their assimilation in higher plants and human beings is considerable, nutritional functions, as well as metabolic pathways and their regulation, have not been examined in detail in haloarchaea [38] . The biosynthesis of carotenoids in haloarchaea was studied for the first time in the later 1970s. At that time, it was stated that the biosynthetic pathway for the formation of C40 carotenes in Halobacterium proceeds as follows: isopentenyl pyrophosphate leads to trans-phytoene, leads to trans-phytofluene, leads to ζ-carotene, leads to neurosporene, leads to lycopene, leads to gamma-carotene, and finally leads to β-carotene. This pathway differs from that in higher plants in that the cis isomers of phytoene and phytofluene are not on the main pathway of carotene biosynthesis, as they are in higher plants [95] . On the other hand, it has been suggested that bacterioruberin is synthesised by addition of C5 isoprene units to each end of the lycopene chain, followed by the introduction of four hydroxyl groups. The evidence supporting these suggestions where reported around 40 years ago from experiments where nicotine was used to inhibit the bacterioruberin synthesis [96, 97] . The presence of multiple genes for several steps in Halobacterium NRC-1 carotenoid production suggests that there may be more than one biosynthetic pathway [98, 99] .
Computational genome and pathway analysis of halophilic Archaea done by Falb and co-workers [100] suggested that phytoene is reduced to lycopene by phytoene desaturase. Lycopene is the branching point for the synthesis of bacterioruberins (C50) and β-carotene (C40) [101, 102] . Although the reactions leading from lycopene to bacterioruberins have not been elucidated in detail yet, there is some evidence supporting that the lycopene cyclase (OE3983R) converts lycopene to β-carotene in Halobacterium salinarum str. NRC-1 [98] . More recently, studies carried out in Haloarcula japonica have clearly identified that the genes named c0507, c0506, and c0505 encoded a carotenoid 3,4-desaturase (CrtD), a bifunctional lycopene elongase and 1,2-hydratase (LyeJ), and a C50 carotenoid 2″,3″-hydratase (CruF), respectively. The above three carotenoid biosynthetic enzymes catalyse the reactions that convert lycopene to bacterioruberin in Haloarcula japonica [103] . Figure 2 compares the biosynthesis of carotenoids in photosynthetic organisms and in haloarchaea (on the basis of the results reported from Halobacterium, Haloarcula and preliminary evidence from Haloferax genomic analysis).
Figure 2.
Comparison between the biosynthesis of isoprenoids in photosynthetic organisms (A) and the biosynthesis pathway proposed in haloarchaea (B). C5 prenyl units are synthesized via the mevalonate pathway starting from two acetyl-CoA molecules and C2 unit arising from amino acid degradation. Cis-and trans-prenyl chains are derived through head-tail (HT) condensation steps with isopentenyl-diphosphate (IPP). C15 and C20 prenyl chains are modified by head-head condensations and desaturase reactions. Genes coding for the enzymes catalysing those reactions have been identified in the Halobacterium salinarum genome. β-Carotene is the precursor for retinal synthesis while lycopene is the precursor for bacterioruberines in the pathway proposed from the Halobacterium salinarum's genomic analysis [99] . Preliminary evidence from other genomic analysis (Haloferax sp.) also support this proposal [104] . Details about genes, enzymes and chemical reactions involved in retinal and bacterioruberines synthesis are far from known. There are not reports about the biosynthesis reactions of other carotenoids such as zeaxanthin, canthaxanthin, astaxanthin, etc. in haloarchaea. GPP = geranyl diphosphate; FPP = farnesyl diphosphate; GGPP = geranylgeranyl diphosphate.
Bacterioruberin Is One of the Major Carotenoids Produced by Haloarchaea
As it can be concluded from the previous section, bacterioruberin is the main carotenoid component responsible for the colour of the red archaea of the family Halobacteriaceae. This pigment has a rather different molecular structure. It has a primary conjugated isoprenoid chain length of 13 C=C units with no subsidiary conjugation arising from terminal groups, which contain four -OH group functionalities only [37, 78] . Table 1 summarises the bacterioruberin chemical structure as well as its derivatives. This pigment protects the cells against damage produced by high intensities of light in the visible and ultraviolet range of the spectrum and provides aid in photoreactivation [106, 107] . It is also involved in the reinforcement of the cell membrane. It was described for the first time from cells of Halobacterium species [88, 108, 109] . The byosinthesis of C50 carotenoids in general terms, and the effect of several chemical compounds on this biosynthesis were first described from Halobacterium cutirubrum (Halobacteriaceae family) [88, 97, 110] . A few years later, it was described that bacterioruberin is synthesized from other C50 carotenoids, such as isopentenyldehydrorhodopin, bisanhydrobacterioruberin, and monoanhydrobacterioruberin [5] and the synthesis is induced by (i) low oxygen tension and high light intensity [111, 112] ; (ii) osmotic stress [113] ; and (iii) the presence of different compounds such as aniline [114] (Figure 2 ). However, this general pattern has some exceptions, for example Haloquadratum walsbyi: cells grown under osmotic stress did not experience changes in terms of either membrane lipid composition or carotenoids production [94] . Composition of the total carotenoids fraction in haloarchaea can also change on the basis of the nutritive factors within the culture media [105] , the light intensity, oxygen tension, NaCl concentration [91, 105, 111] , and other physical-chemical parameters such as pH value of the culture media. Figure 3 shows the effect of pH on carotenoids profile in Haloferax mediterranei cells grown in aerobic complex media. It has been reported that pH significantly influences cell growth and total carotenoid production in a lot of microorganism [115] . Hamidi et al. reported an analysis of pH and other environmental factors through response surface methodology on the total carotenoid production of extremely halophilic archaeon Halorubrum sp. TBZ126 [116] . They have found that optimum conditions for biomass and total carotenoid production occurred between pH 7 and 10 and biomass and total carotenoid production in pH 10 was about 93% and 90% respectively, compared to data reached from optimum conditions.
More recently, bacterioruberin has been used for the detection of extremely halophilic archaea embedded in halite in terrestrial and possibly extra-terrestrial samples [117] . Hfx. mediterranei was grown in complex medium pH 7 (0.5% yeast extract and 25% salted water) until shortly before the culture entered the stationary phase, after which cells were transferred to fresh complex medium pH 5, 7 or 9.
Although bacterioruberin and its derivatives possess extraordinary biological functions, the research regarding the biosynthesis regulation or practical applications of C50 carotenoids produced by halophilic archaea is still scarce.
Bacterioruberin Biological Roles
Bacterioruberin as antioxidant compound: The scavenging capacity of the oxygen reactive species (ROS) is dependent on the carotenoid concentration as it has been described so far. On the other hand, the antioxidant capacity of carotenoids in general is related to the length of the carbon chain, the number of pairs of conjugated double bonds and the carotenoids concentration [118] [119] [120] . As mentioned before, bacterioruberin contains 13 pairs of conjugated double bonds versus the nine pairs of conjugated double bonds of the β-carotene. Therefore, bacterioruberin is much better than β-carotene as radical scavenger [5, 121] . It has been demonstrated that it protects the cells against oxidative damage. As a consequence of this important biological role, haloarchaea escape from fatal injury under strong light, and resist oxidative DNA damage resulting from radiography, UV irradiation, high doses (5 kGy) of gamma irradiation and H2O2 exposure [107, 122] . What is clearly stated up to now is that the carotenoids of halophilic microorganisms present higher antioxidant capacity than the carotenoids produced by the other microorganism (extremophilic or not extremophilic).
Bacterioruberin controls membrane rigidity: With 4 hydroxyl substitutes in this dipolar C50 carotenoid, bacterioruberin was suggested to act as a "rivet" in the membrane cells. This carotenoid has some effect on fluidity of the membrane, acts as a barrier to water and allows permeability to oxygen and other molecules, so strains can survive in hypersaline or low-temperature conditions [105, 123] .
Bacterioruberin as part of the rhodopsin complexes: Archaerhodopsin-2 (aR2) is a retinal protein-carotenoid complex found in the claret membrane of Halorubrum sp. as well as in other species [124] [125] [126] . It functions as a light-driven proton pump highly important for haloarchaea cells to obtain energy. Using crystallographic studies it has been demonstrated that bacterioruberin binds to crevices between the subunits of the archaerhodopsin structure, which is a trimer. So, bacterioruberin sustains structural support related to the archaerhodopsin structure [127] . Bacterioruberin is also part of a complex constituted by this carotenoid and halorhodopsin in haloarchaea membranes such as those from Natronomonas pharaonis. Halorhodopsin is a retinal protein with a seven-transmembrane helix and acts as an inward light-driven Cl(−) pump [128] .
Biotechnological Uses and Production Potentiality of Carotenoids from Haloarchaea
Biotechnological Uses of Carotenoids from Haloarchaea
Carotenoids have numerous applications as colorants (in food products and cosmetics), feed additives for poultry, livestock, fish, and crustaceans (Patent ES2324077 A1. See Table 2 ), antioxidants, antitumor and heart disease prevention agents, precursors of vitamin A and enhancers of in vitro antibody production. Hence, they are widely applied in the food, medical, pharmaceutical, and cosmetic industries as dyes and functional ingredients [3, 6, 58] . Table 2 . Patents (last 20 years) related to carotenoids production by haloarchaea or its biotechnological uses (as pigments or as antioxidants). The key words used to find out the patents were: bacterioruberin, halobacteria, haloarchaea and carotenoids. Data obtained from different websites [129] [130] [131] [132] [133] [134] [135] . In some of the patents, the authors use the term Halobacteria, which was the first name used to identify what it is now call haloarchaea (Families Halobacteriaceae and Haloferacaceae).
More than 600 carotenoids are known to occur naturally and many of them are still being identified. Although the carotenoids' market is highly segmented it has grown significantly in the last few years and this growth is projected to continue. β-Carotene and the xanthophylls astaxanthin, cantaxanthin, and lutein are the major carotenoids with commercial interest, and Europe is currently the largest market for this kind of compounds with nearly 45% of worldwide sales [136] . There are several advantages and disadvantages of chemical synthesis for carotenoids production. Chemical synthesis technology has been developed so far for many carotenoids (mainly for all of those most demanded by the market). This synthesis procedures produce carotenoids of exceptional purity and consistency at high concentration, and usually the overall cost of the production is relatively low. However, the chemical synthesis of certain carotenoids is very complex, and as a consequence of that, it is slow and expensive. Besides, the chemical synthesis of a new carotenoid usually requires the development of a new chemical route in vitro. Finally, some stereoisomers may not be active as the naturally occurring carotenoids isomers, or may have undesired side effects. As a consequence of all those aspects, the production of carotenoids from biological sources has been an area of intensive investigation. Also the consumer preference for natural products, as well as high costs, presence of by-products and damaging effects on the environment have together intensified efforts to identify alternative sources for chemical method. The production of natural colorants through fermentation has a number of advantages, such as cheaper production, higher yields, possibly easier extraction, less batch-to-batch variations and no seasonal variations. The production is flexible and can easily be controlled. Furthermore, the collection of microbial organisms is sustainable and usually microbial engineering has no negative impact on the environment [58] . Accordingly for all the previous reasons, different species of bacteria, moulds, yeasts and algae have attracted a great interest as alternative biosources for high-scale production of carotenoids [137, 138] . Carotenoid-producing microorganisms have biotechnological attributes proper of microbial cells (fast growth in liquid culture and ability to accumulate or secrete some metabolites). Besides, the use of several molecular biology techniques enables the production of mutant strains able to overproduce carotenoids of interest. For these reasons, microorganisms have become excellent tools to look for new applied processes to obtain biomolecules of high interest in biotechnology and biomedicine and represent the basis of biotechnology-based companies [34] .
New research results highlight the possibility of using halophilic microorganisms (mainly halophilic archaea) as natural sources for carotenoids production [19] thanks to the simplicity in increasing carotenoid production by culture conditions and genetic manipulation, and the feasibility of downstream processes of the cells to isolate the carotenoids. The extremely halophilic archaea has unique features making them suitable potential sources for carotenoids production, including: (i) the high-salt tolerance of haloarchaea enables their cultivation under non-sterile conditions because high salt concentrations prevent contamination by other organisms. This feature makes cultivation of haloarchaea advantageous if compared to cultivation of other microorganisms; (ii) the process to obtain the carotenoids is simple because in lower NaCl concentrations cell lysis is induced and consequently, carotenoids extraction could be conducted directly from the cells without any mechanical operation which is required in case of plants and (iii) the procedures for pigments extraction and purification seem to be simpler than those from other sources. Therefore, production potentiality of carotenoids from halophilic haloarchaea should be studied in order to assess alternative commercial sources for carotenoids [58] .
Production Potentiality of Carotenoids from Haloarchaea
There are few examples of studies about haloarchaea carotenoids accumulation supporting the idea that these microorganisms might be considered good carotenoids producers [113, 137] , specifically for bacterioruberin and its C50-related pigments. The culture conditions that are required to promote fast growth of halophilic archaea include high salt concentration (from 20% to 25% w/v). However, promoting massive carotenoid accumulation of these halophilic microorganisms generally requires much lower concentrations or NaCl, normally below 16% w/v [113, 116] . Such lower salt concentrations address slower growth rates or even cell lysis. Therefore, carotenoid accumulation and growth of halophilic archaea are often opposite events. Moreover, besides the culture medium salinity, other key factors as temperature and pH may affect carotenoids accumulation and also growth rates of halophilic microorganisms tremendously [116] . In some cases, changes in the nutrient composition of the culture medium might result in enhanced C50 carotenoid accumulation [105] . Consequently, if cultivated under suitable conditions halophilic microorganisms may accumulate carotenoids.
So far, only few studies have been reported on the accumulation of carotenoids in halophilic archaea, and all of them at laboratory scale systems. The data obtained so far help clarify that the carotenoid accumulation potential of halophilic archaea is worth being studied in terms of bioprocess engineering. The maximal intracellular concentration of carotenoids reported so far for halophilic archaea were dry weight means an accumulation rate per biomass unit of 2.0%-2.5%. These data compare well to those of carotenoid producing microalgae, many of which are below 1% [139] per biomass unit with the exception of Dunaliella salina, obviously the most efficient carotenoid producer microorganism [140] .
Productivity is the key parameter to understand the potential of a microorganism for production of whatever value compound. For biomass, volumetric productivity is calculated in terms of g·L
, and productivity of a desirable compound can also be calculated per reactor volume (g·L . At large scale, surface is included as a factor to which productivity is referred. For instance, biomass areal productivity is expressed as g·m
. Independently of how productivity is expressed, the rate at which biomass is produced in time obviously determines the potential of the microorganism for accumulation of desirable compounds. To our knowledge, no data have been published on both biomass and carotenoid productivities of halophilic archaea at scales other than just few examples in laboratory flasks. Data such these are needed to approach the potential of halophilic archaea for carotenoids production. An approach to the biomass productivity of halophilic archaea can be done simply with the data above. For instance, the average time taken for a culture of Halorubrum sp. and other halophilic archaea species to grow to the end of the exponential phase is about 10 days [116, 141] , in batch systems. Maximal biomass concentration reported is about 0.8 g·L . This productivity data should be higher if the halophilic archaea were cultured in continuous production systems at optimal growing conditions. Accordingly, there should still be significant room for improving such laboratory biomass productivity data. Combining the average biomass productivity data (0.08 g (dry biomass)·L [139, 142] , which means maximal carotenoids productivity of about 1 to 3 mg·L
for a microalga that accumulates carotenoids at 1% (w/w), therefore giving haloarchaea a chance to be considered in studies for assessing potential of carotenoid production. Of course, these productivity data are far from those carotenoid productivities obtained with Dunaliella species, which are 5 to 10-fold higher. Microalgae have the advantage of using natural light as energy source and carbon dioxide, and haloarchaea, which do not need light to grow, should have the advantage of being produced at a larger volume per surface ratio; this might help to overcome lower volumetric biomass productivities.
These aspects might at least be promising enough to study continuous processes of carotenoids production from halophilic archaea in laboratory and pre-pilot scale, particularly for production of other carotenoids than those typically obtained from microalgae (C50-bacterioruberin and derivate C50 pigments). Therefore, it is suggested that haloarchaea might become complementary to those already known to be good carotenoid producers, namely microalgae, in the panel of potential producers. Of course this should just be the starting point of a challenging subject. The use of cheap, raw suitable carbon sources, the economics of cultivation-particularly energy costs for mixing and harvesting-biomass processing and carotenoid purification costs are among those key factors that should be extensively studied.
Although the biological roles of the carotenoids produced by haloarchaea in haloarchaeal cells are known (see Section 5), potential benefits of those carotenoids on animal cells (including human beings) have not been tested yet. However, there is some evidence supporting that carotenoids from haloarchaea are, at least, as efficient as those antioxidant compounds produced by other microorganism [79, 143] . For instance, the halophilic bacteria Halobacterium salinarum produces various pigments such as phytoene, β-carotene, lycopene and derivatives of bacterioruberin and salinixanthin. These pigments have been tested for their free radical scavenging activity by DPPH (di(phenyl)-(2,4,6-trinitrophenyl)iminoazanium) assay and the results validated the known antioxidant activity of carotenoids. A further analysis of the cytotoxic properties against human liver cancer cell lines showed dose-dependent increase in cytotoxicity of the carotenoids on these cells, suggesting the probable anti-cancer properties [143, 144] . This is the reason why several research groups around the world as well as some I&D (innovation and development) companies focused on secondary metabolites production have focused their attention on haloarchaea as carotenoids source. This interest is not only supported by the huge amount of publications on that subject, but also by the patents related to carotenoid production by haloarchaea (wild types as well as genetically modified strains) or methods/technologies to isolate and to purify those carotenoids. Table 2 summarises the patents focused on those subjects during the last 20 years.
Conclusions
On the basis of carotenoid production by haloarchaea in terms of quantity and variety, these microorganisms are revealed as good candidates to produce carotenoids at high-scale following cheap and quick culture and downstream processes. The most interesting carotenoids from a commercial point of view nowadays are not the major ones produced by haloarchaea as it can be concluded from the previous sections, with the exception of β-carotene, which is produced at significant concentration by several species. Since there are not studies on the potential benefits of the carotenoids produced by haloarchaea on human health reported in the scientific literature, more efforts should be made to properly address this question. Studies about carotenoid metabolism in haloarchaea are also required to provide further insights into the mechanisms controlling localized and context-specific carotenoid synthesis and degradation; such analysis would lead to a better understanding of the spatial distribution and function of different carotenoids and their derivatives in response to environmental and developmental signals. This knowledge may facilitate further progress in the field of carotenoid metabolic engineering in haloarchaea.
